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The recent state oT the knowledge of properties and structure of a-amylases i reviewed whh the aim of elucidation the basis for their stabilization. 
Three principal ways for obtaining stable a-amylases (isolation of enzymes from extrcmophiles. production of extremoi;Silic enzymes in 
mesophiles. and modification of mesophilic enzymes) are discussed separately. Detailed experimental examples are given for modification ap- 
proaches. 
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1. INTRODUCTION 2. PHYSICOCHEMICAL PROPERTIES AND 
Amylases are enzymes capable of hydrolyzing starch. 
They are produced by animals, plants, and microorgan- 
isms. Starch being a higher plants’ polymer composed 
of a-f,&linked a-~-glucose units is formed by amylose 
and amylopectin. These two starch components differ 
from each other in the degree of branching. Amylose is 
a mainly linear polysaccharide whereas the structure of 
amylopectin is highly a-l ,6-branched. 
In spite of a long history of these enzymes [l] and 
their wide distribution in nature as well as utilization in 
several industries, the structure-function and structure- 
stability relationships of amylases have been elucidated 
only for a few of them [2-71. 
Since a-amylase (EC 3.2.11) is the most frequently 
utilized and studied amylolytic enzyme, its basic phys- 
ice-chemical and structural characterization isgiven in 
the first part of this review. Although there are some 
microbial a-amylases which exhibit exceptional stabil- 
ity, those from thermophiles, acidophiles, alkalophiles, 
and halophiles, most a-amylases derived from animals, 
plants as well as microorganisms keep their unique 
properties only in the normal physiological conditions, 
Scientific investigations looking for possibilities to en- 
hance the stability of a-amylases are reviewed in the 
second part of this contribution. 
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STRUCTURE OF a-AMYLASES 
&-Amylases catalyze the hydrolysis of a-l ,4-gluco- 
sidic bonds of starch predominantly in a random man- 
ner. These endoenzymes are able to by-pass the branch- 
ing points (a-l ,6-bonds) in amylopectin. Formed reduc- 
ing glycosidic groups are liberated in a-configuration. 
All or-amylases are metalloenzymes containing at 
least one Ca’+ ion per enzyme molecule, which is essen- 
tial for activity and stability. The amount of bound 
calcium varies from one to about ten [S]. Ca’+ ion in 
Taka-amylase A from Aspergillus oryme is located near 
the cleft between its two structural domains, possibly 
playing a role in stabilizing the cleft architecture 181. A
similar situation has been identified in the porcine pan- 
creatic o-amylase where Ca’” ion appears to stabilize 
the cleft by inducing an ionic bridge between the do- 
mains [lo]. The affinity of Ca’* ions to oc-amylase is
much stronger than that of other cations. It is still un- 
clear whether calcium can be replaced by other cations 
[8]. In addition to calcium zinc has been reported to 
induce formation of multiple forms of Bacillus subtilis 
a-amylase [ 111. 
a-Amylases are generally stable in the pH range 5.5- 
8.0 but exceptions exist on both sides of the pH scale, 
mainly in the enzymes of microbial origin. As examples 
of this behaviour are an acidophilic a-amylase from 
Bucifhs sp. 1 I-IS with the pH optimum of 2.0 [12’ and 
an alkalophilic ct-arnylase from Bacillus No. A-40-2 
with the optimum pH of 10.5 1131. This broad range of 
optimum pH values for activity of individual a-amy- 
lases indicates their evoluiionary adaptability to en+ 
ronmental circumstances [S]. 
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The lowest temperature optimum for activity has 
been reported to be 25OC for Fusarium oxysporurn a- 
amylase [ 141 and the highest for the enzyme from Bucil- 
fus licherz,niformis CUMC 305 to be 90°C [IS]. Most of 
the temperature optima of cs-amylases, however, are 
encountered between 50 and 60°C. 
Molecular weights of these enzymes vary from 15,600 
[16] to 139,300 [l?] but the values are usually 45,000 to 
60,000. Moreover, Bacillus macerans a-amylase with 
the molecular weight of 139,300 has been classified as 
a transferase [ 171. 
Nowadays nearly 50 complete amino acid sequences 
of a-amylases are available [3] but only those of Asper- 
gillus oryzae [18] and porcine pancreas enzymes [19,20] 
have been determined by direct protein sequencing. The 
others have been deduced from the nucleotide se- 
quences. Sequence homology varies from 10% (micro- 
organisms, plants, and animals) to 80-900/c (animals) 
[21]. The recent study on classification of glycosyl hy- 
drolases and related enzymes 1221 has revealed 35 struc- 
tural families formed by 291 amino acid sequences. It
has been pointed out, however, that arrangement of the 
catalytic site of amylases might be homologous in spite 
of the lack of homology in their amino acid sequences 
[23]. This seems to be true because all studied cr-amy- 
lases, cyclodextrin glucanotransferases and related en- 
zymes [2,24,25] have probably the same basic (cc$?)~ 
structure, i.e. a barrel domain of eight parallel j& 
strands surrounded by eight a-helices. This motif was 
first observed in triose phosphate isomerase [26]. This 
structure was recently determined also for the soybean 
p-amylase [27]. The (c@), barrel domains in a-amylases 
andp-amylases are different [25]. The barrels of a-amy- 
lases containing the active sites are built up from ap- 
proximately 400 amino acid residues of the N-terminal 
regions [2]. 
Three-dimensional structures have been reported for 
Taka-amylase A from Aspergillus oryzue [9], porcine 
pancreatic a-amylase [lo], and for an acid a-amylase 
from Aspergillus niger [28]. The structures of Bacillus 
Iichmifornzis and Bacillus arnyloliquefaciev;s [29] as well 
as human salivary a-amylase [30] are under way, The 
a-amylases with known three-dimensional structure are 
multidomain single polypeptide-chain proteins. Besides 
the (a@), barrel they all comprise an antiparallel p- 
stranded domain [9,10,28], and the porcine pancreatic 
enzyme has even a small distinct domain which is in- 
serted between the third j-strand and the third a-helix 
of the (oe/& barrel [lo]. The existence of this small 
domain interrupting the barrel is consistent with the 
prediction of a long third loop stretch for all a-amylases 
PI. 
Active sites have been localized in the cleft of the 
(c#)~ barrel domain with Asp-206, 61~230, and Asp 
297 (Taka-amylase A numbering) as the residues play- 
ing the catalytic role whereas His-122 and His-296 
might bind to gkucosyl residues of substrate [9,10,28]. 
2 
3. STABILIZATION OF MESOPHILIC a-AMY- 
LASES 
In principle, there are three ways how to obtain stable 
rr-amylases: (i) isolation from extremophilic microor- 
ganisms; (ii) production in genetically manipulated non- 
extremophilic microbial producents; and (iii) stabiliza- 
tion of unstable a-amylases by their modification. The 
last approach can be realized in three ways: (i) by immo- 
bilization: (ii) by chemical modification; and (iii) by 
protein engineering. 
a-Amylases produced by extremophilic microorgan- 
isms can be classified according to their origin as ther- 
mophilic, acidophilic, alkalophilic, and halophilic en- 
zymes. Only the first category has found a large scale 
industrial use [8]. 
Production of cc-amylases with given properties, e.g. 
thermostability, in microorganisms i  highly attractive 
also from point of view of a decrease in possible health 
risks. Facilities in this direction are offered especially 
using the recombinant DNA techniques with yeast.s as 
the expression hosts 1313. 
Many stabilization studies of a-amylase have re- 
ported protective effect of different additives, such as 
bovine serum albumine [32], Na”, K’, NH; cations [33], 
2-mercaptoethanol and glycerol [34], polyols, dimethyl 
formamide, and dimethyl sulfoxide [35]. Stabilizing ef- 
fect of calcium is generally known [a], 
The extra thermostability of thermophilic Bacillus li- 
che@wmis a-amylase has been found to be mainly due 
to additional salt bridges involving a few specific lysine 
residues [36]. Similarly the Bad/us stearothermophilus 
a-amylase [35] as well as a mutant a-amylase from Ba- 
cillus amy/ofiquefuciens [A] have been suggested to be 
stabilized against thermal denaturation through ionic 
interaction. 
It has been pointed out [37] that immobilization eed 
not always lead to enzyme stabilization. Using the re- 
sults from covalent immobilization of AspPrgiflus ory- 
zae a-amylase to the y-aminopropyl silica and amino- 
methyl polystyrene 1381, a novel view on protein stabili- 
zation has emerged recently. Each enzyme molecule 
should possess a specific site where the unfolding proc- 
ess caused by denaturation starts. This ‘unfolding nu- 
cleus’ can be stabilized by covalent or noncovalent 
bonds after immobilization thus blocking the native un- 
folding pathway [38]. 
Like immobilization approaches, the prediction how 
the thermal stability of an enzyme will be affected by its 
chemical modification is difficult [39]. Stabilization of 
Bacillus subrilis a-amylase has been achieved by acetyl- 
ation with p-nitrophenyl acetate [40] and by acylation 
with esters based on N-hydroxysuccinimide and l-hy- 
droxybenzotriazole [41]. The increase in enzyme stabil- 
ity has been qualitatively correlated with the polarity of 
the introduced acyl group 1411 whereas in the case of the 
acetylation the thermostability has been increased only 
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at temperalJres higher than 70°C supporting the idea 
of existence of so-called isokinetic temperature, riq with 
no effect at T and opposite effects at both sides of, T 
[40]. This temperature (63-64’C) has also been recently 
found in inve;tig:&ons of thermoinactivation kinetics 
of Bacillus subGli.s a-amylase stabilized by modification 
with n-glucono-dl-lactone [42]. 
[I71 De Pinto. J.A. and Campbell. L.L. (191%) Biochemistry 7. 114- 
120. 
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4. CONCLUDING REMARKS 
cs-Amylase isa member of (cQ& barrel enzyme family 
[43] which probably contain all starch hydrolases and 
related enzymes as indicated by three-dimensional 
structures of cyclodextrin glucanotransferase [44,45] 
and j?-amylase [27]. 
Nakajima, R., Imanaka, T. and Aiba, S. (1986) Appl. Microbial. 
Biotechnol. 23, 355-360. 
Henrissat, B. (1991) B&hem. J. 280, 309-316. 
Friedberg, F. (1983) FEDS Lett. 152, 139-140. 
MacGregor, E,A. and Svensson, B. (1989) B&hem. J. 259, 145- 
152. 
Stability of mesophilic a-amylases has not yet been 
increased substantially up to the level of stability of 
naturally thermostable a-amylases, as it has been docu- 
mented in the case of proteases [46]. 
Stabilization of a-amylases hould be oriented mainly 
towards utilization of their known structural features in 
combination, for instance, with the methods ofchemical 
modification or site-directas mutagenesis. Various sin- 
gle amino acid changes resulting in the increase of ther- 
mostability of different proteins have already been re- 
ported. The examples demonstrate the role of hydrogen 
bonding [47], hydrophobic effect [48], disulfide [49] and 
salt [SO] bridges. Studies on a-amylases have been aimed 
at elucidation of the role of individual amino acid resi- 
dues [4-71. They should allow to achieve successful sta- 
bilization of these enzymes. 
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